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Objectives: To analyze the differences in microarchitecture and bone remodeling of subchondral bone in
femoral heads from patients with rheumatoid arthritis (RA) and osteoarthritis (OA).
Designs: Peri-articular bone samples, including subchondral trabecular bone (STB) and deeper trabecular
bone (DTB) were extracted from the load-bearing region of femoral heads from 20 patients with RA and
40 patients with OA during hip replacement surgery. Micro-CT, histomorphometry and backscatter
scanning electron microscopy (BSEM) were performed to assess microarchitecture and bone histology
parameters.
Results: In both RA and OA, STB showed more sclerotic microarchitecture and more active bone
remodeling, compared to DTB. RA and OA showed similar microarchitecture characteristics in both STB
and DTB, despite STB in RA exhibiting higher bone resorption. In addition, there was no difference in the
frequency of bone cysts in STB between RA and OA. In STB, the trabecular bone surrounding subchondral
bone cysts (Cys-Tb) was more sclerotic than the trabecular bone found distant to cysts (Peri-Tb), with a
higher level of bone remodeling. Both Cys-Tb region and Peri-Tb region were detected to have similar
microarchitectural and bone remodeling characteristics in RA and OA.
Conclusions: Apart from higher bone resorption in the general subchondral bone of RA samples, the peri-
articular bone exhibited similar microarchitectural and bone remodeling characteristics in RA and OA.
© 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.: M.H. Zheng, Centre for Or-
ity of Western Australia, 35
64050.
Q. Zheng, Division of Ortho-
gshan 2nd Road, Guangzhou
Li), ma.y@me.com (Y. Ma),
uphemie.landao@uwa.edu.au
, nathan.pavlos@uwa.edu.au
j650@126.com (Q. Zheng),
ternational. Published by Elsevier LIntroduction
Rheumatoid arthritis (RA) is a chronic inﬂammatory disease
characterized by persistent synovitis and joint destruction1. The
synovial membrane, which traditionally stands at the epicenter of
the joint pathology of RA, has been shown to be responsible for
cartilage damage and bone destruction2. A pathological hallmark of
RA is marginal juxta-articular bone erosion, which is located in the
cartilage-pannus junction. Synovitis-induced inﬂammatory in-
ﬁltrates, detected in the trabecular bone close to cartilage-pannus
junction, are widely considered to contribute to juxta-articular
bone erosion3,4. The inﬂammatory inﬁltrates are thought to be
associated with elevated osteochondral angiogenesis, osteoclast
aggregates, and excessive bone resorption, thereby resulting intd. All rights reserved.
G. Li et al. / Osteoarthritis and Cartilage 22 (2014) 2083e20922084severe bone destruction and localized erosions in the marginal
juxta-articular bone3,4.
Unlike the marginal juxta-articular bone which has a direct
contact with synovial membrane, the subchondral bone, which lies
distant from the cartilage-pannus junction/synovium, is an often
neglected anatomic compartment in the pathogenesis of RA. Recent
studies, however, indicate that the subchondral bone may in fact
act as an essential independent element in the development of
RA5,6. Although subchondral bone marrow inﬂammatory inﬁltra-
tion is well-documented in cases of human and animal RA4,710,
subchondral bone is less likely to be inﬂuenced by synovitis and
thus may not display localized bone erosions like those observed in
the marginal juxta-articular bone11,12.
Osteoarthritis (OA) is a progressive degenerative joint disorder
characterized by cartilage damage and subchondral bone changes.
Subchondral bone has been reported to play a crucial role in the
initiation and progression of OA13. Subchondral bone deterioration
is commonly associated with articular cartilage defects14. Several
studies have shown that subchondral bone is sclerotic in late-stage
OA, owing largely to abnormal bone remodeling14. Sclerotic bone,
showing increased opacity on a plain radiograph, is normally
detected by micro-CT as an area of high bone volume fraction15.
Apart from sclerotic changes and high bone remodeling, some
histopathological changes in the subchondral bone have also been
detected, including microdamages, bone marrow edema-like le-
sions and bone cysts16e18.
Subchondral bone cysts that are not related to the inﬁltration of
synovial tissue, have been commonly demonstrated in both RA6
and OA19. The cysts appear as well-deﬁned regions of ﬂuid signal
on magnetic resonance imaging (MRI), which correspond to the
radiolucent areas in radiographic manifestation20. Without
epithelial linings observed on the margin, the cysts are normally
composed of ﬁbroconnective tissue that may initially contain ﬂuid
but ossify in later stages16,21,22.
Despite distinct aetiologies in OA and RA, the differences of sub-
chondral bone between these two diseases are poorly investigated.
We hypothesized that the pathological changes of subchondral bone
in jointswith RA should be comparable to that of OA, as it is located in
the load-bearing regionwhich isdistant fromsynovialmembraneand
endues little synovial inﬂammation inﬂuence. To address this, we
assessed microarchitecture and bone remodeling activity of peri-
articular bone, including subchondral trabecular bone (STB) and
deeper trabecular bone (DTB), in the load-bearing region of femoral
heads from patients with RA and OA using micro-CT, histo-
morphometry and backscatter scanningelectronmicroscopy (BSEM).
Materials and methods
Study subjects
20 patients who underwent hip replacement for RA were
recruited in the study (14 females and 6 males, mean age
69.60 ± 8.31 years, range 54e88 years). All the patients fulﬁlled the
American College of Rheumatology 1987 revised classiﬁcation
criteria for RA23. Patients with other known metabolic or bone
disorders affecting bone metabolism, were excluded. During the
course of their disease, all the patients were treated with disease-
modifying anti-rheumatic drugs (DMARDs), including hydroxy-
chloroquine, methotrexate, sulfasalazine, minocycline and leﬂu-
nomide. All RA patients exhibited radiographic erosive changes in
hip joints (Grade  2), according to the Larsen score24.
40 age- and gender-matched patients who underwent hip
replacement for OA were also recruited (28 females and 12 males,
meanage69.75±8.43years, range53e92years). RApatientsdidnot
differ signiﬁcantly from OA patients in age (P ¼ 0.948) and male/female ratio (P¼ 1.000). All female patients weremore than 5 years
postmenopausal at the time of recruitment for study. Exclusion
criteria forOApatientswereas follows: (1) knownmetabolic or bone
disorderother thanOA,which could affect bonemetabolism, such as
severe renal impairment, thyroid or parathyroid disease, and ma-
lignancy; (2) receiving treatment that affects bonemetabolism such
as anti-resorptive drugs, calcitonin, thyroid or parathyroid hormone
therapy, or hormonal replacement therapy; or (3) history of hip
osteotomy. Informedconsentwas obtained fromeachpatient. AllOA
patients had radiographic evidence of moderate or severe OA
(Grade  3), according to the Kellgren and Lawrence criteria25.
The study protocol was approved by the Human Research Ethics
committee of The University of Western Australia and complied
with the Declaration of Helsinki.
Specimen preparation
A cylindrical specimen of peri-articular trabecular bone was
removed from the load-bearing region of each femoral head ob-
tained from joint replacement26, with the cylinder axis aligned
with the superioreinferior main trabecular direction [Fig. 1(A)].
Each cylindrical bone sample (15 mm in height and 9 mm in
diameter) were prepared under continuous water irrigation using a
precision bone trephine. All samples comprised the STB and
DTB [Fig. 1(B)]. STB is deﬁned as the most superﬁcial 5 mm of the
trabecular cylinder immediately under the cartilage and sub-
chondral cortical bone27,28, while DTB is deﬁned as the deepest
5 mm of the trabecular cylinder. Specimens were ﬁxed in 4%
paraformaldehyde in PBS for 5 days and stored in 70% ethanol.
Micro-CT examination
Each bone sample was placed in a saline-ﬁlled acrylic case for
acquisition by a micro-CT scanner (Skyscan 1174, Skyscan, Kontich,
Belgium). Imaging acquisition was conducted at a voltage of 50 kV,
current of 800 mA, an isotropic pixel size of 14.4 mm (1024  1024
pixel image matrix), and with a 0.75-mm-thick aluminum ﬁlter for
beam hardening reduction. After scanning and reconstruction, the
images were transferred with a ﬁxed threshold to binary images
(Fig. 2). Bone microarchitecture parameters were then measured,
using the built-in software. In both STB and DTB, the diameter of
the measurement region was chosen 1 mm smaller than the
diameter of the sample, in order to avoid the inclusion of bone
debris due to the cutting procedure. Bone cysts were also screened.
There were three regions of interest (ROI) in the trabecular bone
from each measurement region, which were extracted in a semi-
automatic method: whole trabecular bone (W-Tb), trabecular
bone immediately surrounding the bone cyst (Cys-Tb), and pe-
ripheral trabecular bone (Peri-Tb). Cys-Tb is the region 0.5mm from
the surface of the cyst to the trabecular bone. Peri-Tb is the region
obtained by subtracting the Cys-Tb region from the W-Tb region.
The following microarchitectural parameters were calculated:
bone volume fraction (BV/TV) (%), trabecular thickness (Tb.Th)
(mm), trabecular separation (Tb.Sp) (mm), trabecular number (Tb.N)
(1/mm), structure model index (SMI), degree of anisotropy (DA),
and connectivity density (Conn.D) (1/mm3)29. The X-ray attenua-
tion coefﬁcient values were converted into bone mineral density
(BMD) (mg/cm3) (Fig. 2), using a calibration curve obtained from
the BMD phantom.
Histological process and histomorphometry
Each sample was ﬁxed, inﬁltrated and embedded in methyl-
methacrylate. All bone blocks were trimmed and sectioned on a
microtome (Leica RM 2255, Wetzlar, Germany). Sections, 5 mm
Fig. 1. Location of the cylindrical peri-articular bone specimen (A). Two parallel red lines were drawn in the load-bearing region, showing the direction along which the bone
specimen was extracted. There were two different components of the bone cylinder (B): STB and DTB.
Fig. 2. Representative original, binary and colour micro-CT images of the STB and DTB in the femoral head from patients with RA (A1eD1) and patients with OA (A2eD2): 2D
visualization of the cross section of the STB (A1, A2) and DTB (C1, C2), 3D reconstruction of the STB (B1, B2) and the DTB (D1, D2). The colour images represented mineralization
distribution in trabecular bone. Red, green and blue represent low, intermediate and high BMD, respectively.
G. Li et al. / Osteoarthritis and Cartilage 22 (2014) 2083e2092 2085thick, were stained by Goldner's Trichrome method. Histo-
morphometry was performed using Bioquant Osteo Histo-
morphometry software (Bioquant Osteo, Nashville, TN, USA). The
following remodeling parameters were measured in each ROI:
thickness of osteoid (O.Th, mm), percent osteoid volume (OV/BV)
(%), percent osteoid surface (OS/BS) (%), speciﬁc osteoid surface (OS/
BV, mm2/mm3), percent eroded surface (ES/BS) (%), speciﬁc eroded
surface (ES/BV) (mm2/mm3), eroded surface in bone tissue volume(ES/TV) (mm2/mm3), and the ratio of osteoid surface to eroded
surface (OS/ES)30.
BSEM
After sectioning for histomorphometry, all bone blocks were
sequentially polished for BSEM. A Philips XL30 ﬁeld emission
scanning electron microscope (Philips, Eindhoven, Netherlands)
G. Li et al. / Osteoarthritis and Cartilage 22 (2014) 2083e20922086was used to image and measure the osteocyte lacunar density and
area, at a magniﬁcation of 600. In the imaging process, the
specimens were examined at an environmental mode e variable
pressure mode, without coating. For each specimen, six random
images were collected from each ROI.
Statistical analysis
Statistical analyses were performed using the Statistics Package
for Social Sciences (SPSS for Windows, version 17.0; SPSS Inc, Chi-
cago, IL, USA). Fisher's exact test was used to compare male/female
ratio and bone cysts frequency between groups. All micro-
architecture and bone histology parameters were expressed as
means and 95% conﬁdence intervals (95% CI). Data were tested for
normality using the ShapiroeWilks test. Subsequently, as appli-
cable, a Student's t test (parametrical datasets) or the Man-
neWhitney U test (nonparametric datasets) was used to test for
signiﬁcant differences between RA and OA. In addition, the com-
parisons between STB and DTB, or between the Cys-Tb and Peri-Tb
regions within both groups were analyzed by paired Student's t test
(parametrical datasets) or Wilcoxon test (nonparametric datasets).
All hypotheses were two-tailed, and P < 0.05 were considered
statistically signiﬁcant.Table I
Comparison of microarchitecture, histological and BSEM parameters at W-Tb region betw
Region Variables RA (n ¼ 20)
STB Microarchitecture
BV/TV (%) 50.93 (45.2
BS/BV (1/mm) 11.15 (9.88
Tb.Th (mm) 329.71 (298
Tb.Sp (mm) 411.43 (359
Tb.N (1/mm) 1.55 (1.46
SMI 0.37 (1.
DA 1.62 (1.54
Conn.D (1/mm3) 15.79 (13.5
BMD (mg/cm3) 528.21 (478
Histology
O.Th (mm) 11.55 (8.95
OV/BV (%) 5.03 (3.14
OS/BS (%) 48.46 (38.7
OS/BV (mm2/mm3) 3.80 (2.96
ES/BS (%) 18.50 (13.0
ES/BV (mm2/mm3) 1.43 (0.97
ES/TV (mm2/mm3) 0.57 (0.40
OS/ES 3.50 (2.42
BSEM
Lacunar Density (#/mm2) 428.23 (356
Lacunar Area (mm2) 39.07 (34.8
DTB Microarchitecture
BV/TV (%) 39.69 (32.6
BS/BV (1/mm) 12.95 (11.1
Tb.Th (mm) 290.79 (254
Tb.Sp (mm) 580.29 (515
Tb.N (1/mm) 1.33 (1.23
SMI 0.13 (0.
DA 1.81 (1.70
Conn.D (1/mm3) 11.89 (10.2
BMD (mg/cm3) 407.75 (339
Histology
O.Th (mm) 5.08 (4.02
OV/BV (%) 1.24 (0.73
OS/BS (%) 18.74 (12.0
OS/BV (mm2/mm3) 1.93 (1.27
ES/BS (%) 6.23 (3.61
ES/BV (mm2/mm3) 0.68 (0.34
ES/TV (mm2/mm3) 0.17 (0.12
OS/ES 3.51 (2.27
BSEM
Lacunar Density (#/mm2) 227.88 (207
Lacunar Area (mm2) 25.30 (22.9
Data are expressed as means (95% CI). Bold indicates statistically signiﬁcant difference.Results
Comparative analysis of the whole trabecular bone (W-Tb) region in
STB and DTB between RA and OA
In STB, none of the trabecular microarchitecture parameters
differed signiﬁcantly between RA and OA (Table I, Fig. 2). By histo-
morphometry, the bone formation parameters O.Th, OV/BV, OS/BS,
OS/BV and OS/ES were largely identical between RA and OA (Table I,
Fig. 3). However, the bone resorption parameter ES/BS was signiﬁ-
cantly elevated in RA samples. ES/BV and ES/TV were also higher in
RA, although the difference did not attain signiﬁcance. On the other
hand, no signiﬁcant differences were observed in the osteocyte
lacunar density and area between RA and OA (Table I, Fig. 4).
In DTB, none of the microarchitecture and bone remodeling
parameters differed signiﬁcantly between RA and OA (Table I,
Figs. 2e4).
Comparative analysis of the W-Tb region between STB and DTB in
both RA and OA
All the microarchitectural parameters were signiﬁcantly
different between STB and DTB, in both RA and OA (Table II, Fig. 2).een RA and OA patients
OA (n ¼ 40) P
7, 56.58) 52.15 (48.06, 56.23) 0.724
, 12.41) 10.97 (10.07, 11.87) 0.816
.73, 360.69) 337.06 (314.94, 359.18) 0.695
.78, 463.07) 414.70 (373.18, 456.22) 0.923
, 1.63) 1.54 (1.48, 1.61) 0.973
12, 0.39) 0.44 (0.95, 0.06) 0.826
, 1.70) 1.63 (1.58, 1.68) 0.838
3, 18.04) 16.73 (14.38, 19.09) 0.950
.64, 577.77) 535.48 (500.61, 570.36) 0.807
, 14.22) 11.00 (9.57, 12.43) 0.790
, 6.91) 4.97 (3.64, 6.29) 0.863
9, 58.14) 42.86 (35.50, 50.21) 0.361
, 4.64) 3.73 (3.05, 4.40) 0.893
4, 23.97) 11.85 (9.88, 13.81) 0.018
, 1.90) 1.04 (0.84, 1.25) 0.087
, 0.74) 0.38 (0.31, 0.45) 0.064
, 4.58) 4.15 (3.21, 5.10) 0.286
.67, 499.79) 407.55 (349.08, 466.02) 0.578
1, 43.33) 42.95 (39.77, 46.12) 0.196
6, 46.71) 39.80 (35.96, 43.64) 0.938
0, 14.81) 12.73 (11.67, 13.78) 0.826
.57, 327.02) 294.51 (268.35, 320.68) 1.000
.26, 645.31) 601.42 (562.22, 640.63) 0.549
, 1.43) 1.35 (1.29, 1.41) 0.826
44, 0.71) 0.12 (0.26, 0.47) 0.851
, 1.91) 1.85 (1.78, 1.92) 0.468
1, 13.58) 12.79 (11.40, 14.18) 0.790
.52, 475.98) 415.80 (380.44, 451.16) 0.802
, 6.14) 5.34 (4.60, 6.08) 0.583
, 1.75) 1.07 (0.71, 1.42) 0.649
8, 25.40) 15.67 (11.99, 19.35) 0.661
, 2.59) 1.61 (1.20, 2.01) 0.616
, 8.86) 5.73 (4.55, 6.91) 0.875
, 1.02) 0.56 (0.47, 0.65) 0.790
, 0.23) 0.17 (0.14, 0.20) 0.826
, 4.75) 3.68 (2.49, 4.86) 0.766
.93, 247.84) 218.17 (207.38, 228.96) 0.340
8, 27.62) 24.72 (23.14, 26.31) 0.673
Fig. 3. Photomicrographs of the trabecular bone section in the subchondral Cys-Tb region, subchondral Peri-Tb region and DTB region of the femoral head from patients with RA (A,
B and C) and patients with OA (D, E and F). Note: Cracks in bone matrix are artifacts which are produced during sectioning of the un-decalciﬁed bone specimen. Stain: Goldner's
Trichrome; magniﬁcation: 100.
Fig. 4. BSEM images of the trabecular bone in the subchondral Cys-Tb region, subchondral Peri-Tb region and DTB region of the femoral head from patients with RA (A, B and C) and
patients with OA (D, E and F). Magniﬁcation: 600.
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Table II
Comparison of microarchitecture, histological and BSEM parameters between STB and DTB in both RA and OA patients
Variables RA (n ¼ 20) OA (n ¼ 40)
STB DTB P STB DTB P
Microarchitecture
BV/TV (%) 50.93 (45.27, 56.58) 39.69 (32.66, 46.71) 0.002 52.15 (48.06, 56.23) 39.80 (35.96, 43.64) <0.001
BS/BV (1/mm) 11.15 (9.88, 12.41) 12.95 (11.10, 14.81) 0.027 10.97 (10.07, 11.87) 12.73 (11.67, 13.78) 0.001
Tb.Th (mm) 329.71 (298.73, 360.69) 290.79 (254.57, 327.02) 0.010 337.06 (314.94, 359.18) 294.51 (268.35, 320.68) 0.001
Tb.Sp (mm) 411.43 (359.78, 463.07) 580.29 (515.26, 645.31) <0.001 414.70 (373.18, 456.22) 601.42 (562.22, 640.63) <0.001
Tb.N (1/mm) 1.55 (1.46, 1.63) 1.33 (1.23, 1.43) 0.001 1.54 (1.48, 1.61) 1.35 (1.29, 1.41) <0.001
SMI 0.37 (1.12, 0.39) 0.13 (0.44, 0.71) 0.040 0.44 (0.95, 0.06) 0.12 (0.26, 0.47) 0.012
DA 1.62 (1.54, 1.70) 1.81 (1.70, 1.91) 0.001 1.63 (1.58, 1.68) 1.85 (1.78, 1.92) <0.001
Conn.D (1/mm3) 15.79 (13.53, 18.04) 11.89 (10.21, 13.58) 0.004 16.73 (14.38, 19.09) 12.79 (11.40, 14.18) <0.001
BMD (mg/cm3) 528.21 (478.64, 577.77) 407.75 (339.52, 475.98) 0.001 535.48 (500.61, 570.36) 415.80 (380.44, 451.16) <0.001
Histology
O.Th (mm) 11.55 (8.95, 14.22) 5.08 (4.02, 6.14) <0.001 11.00 (9.57, 12.43) 5.34 (4.60, 6.08) <0.001
OV/BV (%) 5.03 (3.14, 6.91) 1.24 (0.73, 1.75) <0.001 4.97 (3.64, 6.29) 1.07 (0.71, 1.42) <0.001
OS/BS (%) 48.46 (38.79, 58.14) 18.74 (12.08, 25.40) <0.001 42.86 (35.50, 50.21) 15.67 (11.99, 19.35) <0.001
OS/BV (mm2/mm3) 3.80 (2.96, 4.64) 1.93 (1.27, 2.59) <0.001 3.73 (3.05, 4.40) 1.61 (1.20, 2.01) <0.001
ES/BS (%) 18.50 (13.04, 23.97) 6.23 (3.61, 8.86) <0.001 11.85 (9.88, 13.81) 5.73 (4.55, 6.91) <0.001
ES/BV (mm2/mm3) 1.43 (0.97, 1.90) 0.68 (0.34, 1.02) <0.001 1.04 (0.84, 1.25) 0.56 (0.47, 0.65) <0.001
ES/TV (mm2/mm3) 0.57 (0.40, 0.74) 0.17 (0.12, 0.23) <0.001 0.38 (0.31, 0.45) 0.17 (0.14, 0.20) <0.001
OS/ES 3.50 (2.42, 4.58) 3.51 (2.27, 4.75) 0.911 4.15 (3.21, 5.10) 3.68 (2.49, 4.86) 0.136
BSEM
Lacunar Density (#/mm2) 428.23 (356.67, 499.79) 227.88 (207.93, 247.84) <0.001 407.55 (349.08, 466.02) 218.17 (207.38, 228.96) <0.001
Lacunar Area (mm2) 39.07 (34.81, 43.33) 25.30 (22.98, 27.62) <0.001 42.95 (39.77, 46.12) 24.72 (23.14, 26.31) <0.001
Data are expressed as means (95% CI). Bold indicates statistically signiﬁcant difference.
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Tb.Th, Tb.N, Conn.D and BMD in STB, with signiﬁcantly lower values
of BS/BV, Tb.Sp, SMI and DA.
Concerning bone remodeling, most parameters were signiﬁ-
cantly higher in STB than DTB in both RA and OA, with the excep-
tion of OS/ES (Table II, Fig. 3). Concerning bone formation
parameters, therewere higher values of O.Th, OV/BV, OS/BS and OS/
BV in STB. Bone resorptionwas alsomore active in STB, as suggested
by higher values of ES/BS, ES/BV and ES/TV. In addition, there were
signiﬁcantly higher values of osteocyte lacunar density and lacunar
area in STB.
Incidence of bone cysts and surrounding changes in STB
70% of RA patients (14 out of 20, 9 females and 5 males, mean
age 70.64 ± 7.70 years) and 67.5% of OA patients (27 out of 40, 19
females and 8 males, 68.81 ± 8.62 years) displayed bone cysts
within STB. The frequency of bone cysts within STB was not
signiﬁcantly different between RA and OA (P ¼ 1.000). In DTB, the
frequency of bone cyst occurrence was signiﬁcantly lower
compared to STB (P¼ 0.004 in RA, and P < 0.001 in OA). Only 20% of
RA patients (4 out of 20, 2 females and 2 males, mean age
70.50 ± 4.12 years) and 30% of OA patients (12 out of 40, 9 females
and 3 males, mean age 67.41 ± 9.19 years) were identiﬁed with
bone cysts in DTB. There was no signiﬁcant difference of the fre-
quency of bone cysts within DTB between the two diseases
(P ¼ 0.718).
Due to the signiﬁcantly higher occurrence of cysts in the STB
compared to the DTB, we performed a comparative study between
the Cys-Tb and Peri-Tb region in STB to investigate the inﬂuence of
cysts on the surrounding bone tissues, in both RA and OA. No sig-
niﬁcant difference in the frequency of subchondral bone cysts was
observed between RA and OA (P ¼ 1.000). RA patients with sub-
chondral cysts did not differ signiﬁcantly from OA patients with
subchondral cysts in age (P ¼ 0.509) or gender (male/female ratio,
P ¼ 0.734).
In RA, most microarchitecture parameters were signiﬁcantly
different between Cys-Tb and Peri-Tb region, with the exception of
BV/TV, DA and BMD (Table III, Fig. 2). There were higher BS/BV,thinner Tb.Th, narrower Tb.Sp, higher Tb.N, higher SMI and Conn.D
in the Cys-Tb region, compared to the Peri-Tb region. Both bone
formation and resorption parameters were higher in the Cys-Tb
region compared to the Peri-Tb region (Fig. 3), with higher osteo-
cyte lacunar density and larger lacunar area observed (Table III,
Fig. 4). Therewas no signiﬁcant difference of OS/ES between RA and
OA.
Similar ﬁndings were observed when comparing the Cys-Tb and
the Peri-Tb regions in OA. There were higher BV/TV and BS/BV,
thinner Tb.Th, smaller Tb.Sp, more Tb.N, higher SMI, higher Conn.D
and BMD in Cys-Tb region than in the Peri-Tb region (Table III,
Fig. 2). Both bone formation and resorption parameterswere higher
in Cys-Tb region, compared to Peri-Tb region (Fig. 3). No signiﬁcant
difference of OS/ES was found between RA and OA. Similarly, higher
osteocyte lacunar density and larger lacunar area in the Cys-Tb
region was observed (Table III, Fig. 4).
Comparative analysis of the Cys-Tb and Peri-Tb regions in STB
between RA and OA
In the Cys-Tb region, microarchitecture parameters did not
differ signiﬁcantly between RA and OA (Table IV, Fig. 2). All the
bone formation parameters were not signiﬁcantly different be-
tween RA and OA, except for increased O.Th in RA (Fig. 3). Although
not statistically signiﬁcant, the bone reportion parameters were
slightly higher in RA, especially ES/BV and ES/TV. Comparison of the
values for the osteocyte lacunar density and area revealed no sig-
niﬁcant differences between RA and OA (Table IV, Fig. 4).
In the Peri-Tb region, none of the microarchitecture and bone
remodeling parameters differed signiﬁcantly between RA and OA
(Table IV, Figs. 2e4). Speciﬁcally, concerning O.Th and lacunar
density, they were higher in RA than OA, although the difference
did not reach signiﬁcance.
Discussion
This is the ﬁrst study to analyze the differences in both micro-
architectural and bone remodeling parameters in STB and DTB in
the load-bearing region of femoral heads from patients with RA and
Table III
Comparison of microarchitecture, histological and BSEM parameters between the Cyst-Tb and Peri-Tb regions in STB in both RA and OA patients
Variables RA (n ¼ 14) OA (n ¼ 27)
Cys-Tb Peri-Tb P Cys-Tb Peri-Tb P
Microarchitecture
BV/TV (%) 56.77 (49.29, 64.25) 54.58 (45.87, 63.30) 0.510 61.92 (57.46, 66.39) 54.85 (49.49, 60.21) 0.009
BS/BV (1/mm) 16.11 (14.47, 17.74) 11.78 (9.86, 13.70) <0.001 15.05 (14.10, 16.00) 11.38 (10.13, 12.63) <0.001
Tb.Th (mm) 264.57 (241.27, 287.88) 329.77 (286.41, 373.14) 0.001 277.03 (258.95, 295.10) 330.89 (307.32, 354.46) <0.001
Tb.Sp (mm) 214.12 (185.29, 242.96) 388.38 (320.86, 455.89) <0.001 197.54 (181.70, 213.38) 406.08 (362.78, 449.39) <0.001
Tb.N (1/mm) 2.18 (1.87, 2.49) 1.67 (1.45, 1.88) <0.001 2.25 (2.11, 2.39) 1.66 (1.55, 1.72) <0.001
SMI 1.28 (0.93, 1.64) 0.14 (0.80, 1.07) 0.006 1.11 (0.91, 1.31) 0.02 (0.55, 0.50) <0.001
DA 1.64 (1.34, 1.94) 1.31 (1.22, 1.40) 0.084 1.50 (1.34, 1.66) 1.40 (1.32, 1.48) 0.337
Conn.D (1/mm3) 28.72 (20.83, 36.61) 17.59 (12.10, 23.07) 0.041 30.71 (25.91, 35.51) 16.71 (13.99, 19.42) <0.001
BMD (mg/cm3) 571.45 (511.76, 631.13) 567.18 (487.75, 646.61) 0.880 608.13 (573.57, 642.69) 561.92 (516.72, 607.12) 0.048
Histology
O.Th (mm) 16.73 (13.67, 19.80) 8.43 (6.43, 10.44) 0.001 13.61 (11.96, 15.27) 6.50 (5.47, 7.53) <0.001
OV/BV (%) 9.91 (5.74, 14.07) 3.16 (1.69, 4.64) 0.001 7.75 (6.05, 9.47) 1.93 (1.46, 2.40) <0.001
OS/BS (%) 58.39 (484.92, 682.87) 44.55 (29.75, 59.34) 0.016 65.56 (59.52, 71.60) 37.54 (30.83, 44.26) <0.001
OS/BV (mm2/mm3) 5.42 (4.31, 6.53) 3.25 (2.03, 4.47) 0.004 5.34 (4.64, 6.04) 2.65 (2.17, 3.12) <0.001
ES/BS (%) 22.74 (15.28, 30.20) 11.69 (8.45, 14.93) 0.004 18.21 (14.89, 21.53) 12.24 (9.91, 14.58) 0.004
ES/BV (mm2/mm3) 2.17 (1.37, 2.98) 0.88 (0.58, 1.18) 0.002 1.47 (1.19, 1.75) 0.84 (0.71, 0.97) <0.001
ES/TV (mm2/mm3) 0.97 (0.68, 1.26) 0.40 (0.27, 0.52) 0.001 0.67 (0.54, 0.79) 0.41 (0.33, 0.49) 0.001
OS/ES 3.50 (1.95, 5.06) 3.43 (2.43, 6.12) 0.198 4.72 (3.26, 4.47) 3.61 (2.76, 4.46) 0.212
BSEM
Lacunar Density (#/mm2) 691.46 (559.13, 823.78) 304.33 (257.76, 350.90) 0.001 715.31 (605.13, 825.49) 262.42 (240.55, 284.29) <0.001
Lacunar Area (mm2) 53.84 (46.12, 61.55) 29.86 (26.78, 32.94) 0.001 61.02 (55.02, 67.01) 32.01 (29.73, 34.29) <0.001
Data are expressed as means (95% CI). Bold indicates statistically signiﬁcant difference.
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While this combined approach demonstrated similarities of the
majority of microarchitectural and bone histology/histo-
morphometry parameters examined between RA and OA, it also
uncovered some important distinctions between these two
destructive joint diseases.
Peri-articular osteopenia adjacent to the inﬂamed joints has
been reported in patients with RA31,32. Havdrup et al.33 found that
the subchondral bone in the tibial condyle was osteoporotic in RA,
while the counterpart was focally sclerotic in OA. However, an in-
dependent study showed that there was no difference in the bone
volume fraction in the peri-articular bone between RA and OA34.
The inconsistency among these different studies may be due to
different joints and different regions of subchondral bone selected
for analysis, which are under different biomechanical environment.
Our study demonstrated that the peri-articular bone from RA and
OA, including STB and DTB, exhibited similar microarchitectural
characteristics and BMD. The subchondral bone in both groups
showed obvious sclerotic traits, which has been previously docu-
mented in the load-bearing region from joints with late-stage OA35.
In our study, the subchondral bone was extracted from the load-
bearing region of the femoral head. The similarity between RA
and OA may be due to the similar biomechanics applied upon the
underlying bone, regardless of aetiology. Biomechanics has been
shown to play an important role in the bone microarchitectural
structure and mineral density36.
Despite the similar microarchitecture pattern and BMD,
increased bone resorption, demonstrated by an increase in the
eroded surface in the subchondral bone, was observed in RA as
compared to OA. At this point in time, in the absence of dynamic
bone remodeling data, the precise explanation for the difference
remains unclear. One possibility might be that the increased bone
resorption and enhanced osteoclastogenesis observed in the sub-
chondral bone of RA is due to inﬂammatory inﬁltrates. Indeed, in
several studies10e12, inﬂammatory cells includingmacrophages and
lymphocytes, have been detected in the subchondral bone that is
apparently distant from synovial invasion. Pathological changes
have also been detected in human subchondral bone with RA,
preceding notable synovitis6. These phenomena indicate thatsubchondral bone marrow inﬂammation might develop indepen-
dent to that of the synovium propagation. A signiﬁcant amount of
osteoclasts have been previously observed in subchondral bone
with RA3. Furthermore, under stimulation from pro-inﬂammatory
cytokines, excessive osteoclast activity can contribute directly to
bone destruction9. However, the inﬂammatory inﬁltrates are less
severe in the subchondral bone distant from cartilage-pannus
junction, compared to that close to cartilage-pannus junction37.
It has been reported that there is a signiﬁcant variation in
microarchitecture of bone tissuewith different depth from the joint
surface, in the load-bearing region of normal joints38. In femoral
heads with RA and OA, we also found signiﬁcant differences in the
microarchitecture and bone remodeling between STB and DTB.
DTB, which dissipates the stress from the overlying STB, has distinct
biochemical components and biological behaviors relative to
STB39,40. Compared to DTB, the superﬁcial STB was much more
sclerotic in microarchitecture, with higher BMD. In addition, there
was a higher bone remodeling level in STB, as evidenced by more
osteoid and eroded surface. Higher values of osteocyte lacunar size
and density were also observed in STB. Although osteocytes are the
most numerous cells in mature bone and play an important part in
bone remodeling, the relationship between osteocyte density and
bone remodeling is still controversial41e45. Further study is needed
to determine the role of osteocyte in bone remodeling of STB.
Moreover, bone cysts were more frequently observed in STB. The
difference between STB and DTB may be due to their different roles
in maintaining joint homeostasis. Subchondral bone is not only
essential for the biomechanical function of the joint, absorbing
most of the impact under joint loading46, but also has important
biochemical functions, shielding the underlying tissue from the
inﬂammatory synovial ﬂuid. A recent study illustrated that
degenerative changes in subchondral bone in OAwere independent
from that in deeper epiphyseal and metaphyseal bone47.
Bone cysts, which are different from marginal bone erosions3,
are commonly detected in the subchondral bone from patients with
both RA6,48 and OA19. In OA, subchondral bone cysts are composed
of ﬁbroconnective tissue16. Osteoclastic bone resorption, activated
osteoblasts and new bone formation were detected to be present
surrounding subchondral bone cysts in OA, indicating a close
Table IV
Comparison of microarchitecture, histological and BSEM parameters at the Cys-Tb and Peri-Tb regions in STB between RA and OA patients
ROI Variables RA (n ¼ 14) OA (n ¼ 27) P
Cyst-Tb Microarchitecture
BV/TV (%) 56.77 (49.29, 64.25) 61.92 (57.46, 66.39) 0.196
BS/BV (1/mm) 16.11 (14.47, 17.74) 15.05 (14.10, 16.00) 0.218
Tb.Th (mm) 264.57 (241.27, 287.88) 277.03 (258.95, 295.10) 0.409
Tb.Sp (mm) 214.12 (185.29, 242.96) 197.54 (181.70, 213.38) 0.255
Tb.N (1/mm) 2.18 (1.87, 2.49) 2.25 (2.11, 2.39) 0.671
SMI 1.28 (0.93, 1.64) 1.11 (0.91, 1.31) 0.309
DA 1.64 (1.34, 1.94) 1.50 (1.34, 1.66) 0.216
Conn.D (1/mm3) 28.72 (20.83, 36.61) 30.71 (25.91, 35.51) 0.640
BMD (mg/cm3) 571.45 (511.76, 631.13) 608.13 (573.57, 642.69) 0.238
Histology
O.Th (mm) 16.73 (13.67, 19.80) 13.61 (11.96, 15.27) 0.046
OV/BV (%) 9.91 (5.74, 14.07) 7.75 (6.05, 9.47) 0.336
OS/BS (%) 58.39 (484.92, 682.87) 65.56 (59.52, 71.60) 0.179
OS/BV (mm2/mm3) 5.42 (4.31, 6.53) 5.34 (4.64, 6.04) 0.887
ES/BS (%) 22.74 (15.28, 30.20) 18.21 (14.89, 21.53) 0.249
ES/BV (mm2/mm3) 2.17 (1.37, 2.98) 1.47 (1.19, 1.75) 0.094
ES/TV (mm2/mm3) 0.97 (0.68, 1.26) 0.67 (0.54, 0.79) 0.056
OS/ES 3.50 (1.95, 5.06) 4.72 (3.26, 4.47) 0.167
BSEM
Lacunar Density (#/mm2) 691.46 (559.13, 823.78) 715.31 (605.13, 825.49) 0.680
Lacunar Area (mm2) 53.84 (46.12, 61.55) 61.02 (55.02, 67.01) 0.131
Peri-Tb Microarchitecture
BV/TV (%) 54.58 (45.87, 63.30) 54.85 (49.49, 60.21) 0.955
BS/BV (1/mm) 11.78 (9.86, 13.70) 11.38 (10.13, 12.63) 0.709
Tb.Th (mm) 329.77 (286.41, 373.14) 330.89 (307.32, 354.46) 0.959
Tb.Sp (mm) 388.38 (320.86, 455.89) 406.08 (362.78, 449.39) 0.634
Tb.N (1/mm) 1.67 (1.45, 1.88) 1.66 (1.55, 1.72) 0.920
SMI 0.14 (0.80, 1.07) 0.02 (0.55, 0.50) 0.454
DA 1.31 (1.22, 1.40) 1.40 (1.32, 1.48) 0.148
Conn.D (1/mm3) 17.59 (12.10, 23.07) 16.71 (13.99, 19.42) 0.989
BMD (mg/cm3) 567.18 (487.75, 646.61) 561.92 (516.72, 607.12) 0.897
Histology
O.Th (mm) 8.43 (6.43, 10.44) 6.50 (5.47, 7.53) 0.074
OV/BV (%) 3.16 (1.69, 4.64) 1.93 (1.46, 2.40) 0.488
OS/BS (%) 44.55 (29.75, 59.34) 37.54 (30.83, 44.26) 0.409
OS/BV (mm2/mm3) 3.25 (2.03, 4.47) 2.65 (2.17, 3.12) 0.582
ES/BS (%) 11.69 (8.45, 14.93) 12.24 (9.91, 14.58) 0.934
ES/BV (mm2/mm3) 0.88 (0.58, 1.18) 0.84 (0.71, 0.97) 0.891
ES/TV (mm2/mm3) 0.40 (0.27, 0.52) 0.41 (0.33, 0.49) 0.891
OS/ES 3.43 (2.43, 6.12) 3.61 (2.76, 4.46) 0.755
BSEM
Lacunar Density (#/mm2) 304.33 (257.76, 350.90) 262.42 (240.55, 284.29) 0.057
Lacunar Area (mm2) 29.86 (26.78, 32.94) 32.01 (29.73, 34.29) 0.252
Data are expressed as means (95% CI). Bold indicates statistically signiﬁcant difference.
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study also demonstrated that the trabecular bone immediately
circumscribing cysts is much more sclerotic than the trabecular
bone found distally, exhibiting a higher bone volume fraction, more
trabecular number, and narrower trabecular space. The level of
bone remodeling was also higher in this area. In this case, bone
formationmay outweigh bone resorption rates culminating in a net
sclerotic microarchitecture and increased mineralization. Interest-
ingly, osteocyte lacunar size and density were signiﬁcantly higher
in the region surrounding cysts, which might indicate the
involvement of osteocytes in bone remodeling42e45. These phe-
nomena may be a mechano-regulatory adaptation/compensation
in response to abnormal intra-osseous stress, which is caused by
presence of cysts50.
In RA, subchondral bone cysts contain ﬁbrotic granulation tis-
sue, necrotic debris, inﬂammatory cells, osteoclasts, detached
pieces of cartilage and bone22. The inﬂuence of cysts on micro-
architecture and bone remodeling of adjacent trabecular bone in RA
is not well understood. Intriguingly, our data indicate that the cyst
characteristics in RA are reminiscent to that in OA i.e., the trabec-
ular bone immediately surrounding cysts was much more sclerotic
with more active in bone remodeling, compared to the trabecularbone distant to cysts. Therewere also some inconsistency regarding
the inﬂuence of cysts on surrounding tissues between RA and OA.
The trabecular bone immediately surrounding cysts exhibited
higher bone volume fraction and BMD than that distant to cysts in
OA, while no difference between these two regions was observed in
RA. This may be due to the higher bone resorption in RA than OA,
which was caused by higher inﬂammatory level10e12.
As observed in the whole subchondral bone region, the
trabecular bone immediately surrounding subchondral bone cysts
in RA and OA exhibited similar microarchitectural characteristics.
Additionally, the bone remodeling activity immediately surround-
ing bone cysts was comparable between the two diseases (despite
the slightly higher bone resorption in RA). The similarity of the
trabecular bone immediately surrounding bone cysts between RA
and OA, may be due to the similar biomechanical stress in this area.
Of note, there were no signiﬁcant differences observed in either
microarchitecture or bone remodeling in both STB distant from
bone cysts and DTB between RA and OA. The absence of a direct
synovial or cystic interaction in RA may exempt these two regions
from exposure to inﬂammation from external inﬂuences, particu-
larly from the synovium which is enriched predominantly with
inﬂammatory cells1.
G. Li et al. / Osteoarthritis and Cartilage 22 (2014) 2083e2092 2091One limitation of the current study is the absence of control
subjects. The old age of patients with terminal-staged hip RA and
OA undergoing hip replacement makes the acquisition and age
matching of control samples difﬁcult. Cadaveric specimens are
unsatisfactory, as the degenerative changes with aging process are
often seen in “normal” hip joint51. Another limitation of our study is
the lack of inclusion of patients with early disease, was unavoid-
able, since hip joint replacement is not the treatment of choice in
early arthritis. In this sense, the reﬂection of trabecular bone pa-
thology observed in the study is not representative for the whole
progression of the diseases. The third limitation was a relatively
small sample sizewith a cross-sectional design. A prospective study
with more samples and dynamic bone remodeling parameters is
required in the future. Finally, the impact of DMARDs on bone
metabolism were not excluded, as all the RA patients received the
treatment.
In conclusion, RA and OA showed similar microarchitecture
characteristics in the whole region of the STB and the DTB in the
load-bearing region from the femoral head, which was distant from
synovium. However, bone resorption was increased in the sub-
chondral bone in RA compared with that in OA, which may be due
to the increased inﬂammation originally occurring in subchondral
bone of RA. In the STB of both RA and OA, the frequency of bone
cysts was similar. Trabecular bone immediately surrounding sub-
chondral cysts was much more sclerotic than trabecular bone
distant from cysts, with a higher level of bone remodeling observed.
There were no difference in most microarchitecture and remodel-
ing parameters in both the region immediately surrounding the
subchondral bone cyst and the remaining region between RA and
OA. We postulate that biomechanics exerts the dominant inﬂuence
on the peri-articular bone microarchitecture and remodeling in the
load-bearing region which is far from the synovium in both RA and
OA. Further studies on molecular proﬁling of cytokines and me-
chanical factors are needed in the future to verify the hypothesis.
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